Fracture in concrete beams is mainly governed by two processes: energy dissipation and discontinuous displacement fields or discrete cracks. In the existing literature, the fracture process in quasi-brittle materials, like concrete, is considered by either one of the two processes. In this study we discuss the simultaneous development of both types of fracture. Energy dissipation and crack openings are analyzed during the fracture development by acoustic emission and digital image correlation. The analysis of local failure processes thus indicates three processes which describes overall failure mechanism: (1) high energy dissipation domain during which energy release rate increases. (2) Continuum -dis-continuum phase where energy dissipation rate attains its maximum value, and (3) dis-continuum phase where energy dissipation rate drops and displacement discontinuities start increasing. A new approach is then presented to model fracture of concrete based on transient and steady-state behavior of a local damaging stress.
INTRODUCTION
The description of failure process is one of the key factors to improve the durability and life time. Failure of concrete is usually assessed by the loss of stiffness and material strength due to damage growth associated with microcracks. The mechanisms observed at the macroscopic scale is the result of local fracture process occurring at the material level. Hillerborg et al. [1] presented a cohesive crack model where mechanical behaviour can be modelled by the local fracture behaviour as described by a characteristic post-peak stresscrack opening softening curve. The model however, neglects the fracture energy dissipation before the peak load. Many experimental studies have been published where efforts are made to identify the fracture mechanisms [2] and characteristic sizeindependent material fracture parameters such as fracture energy [3] [4] [5] [6] or relative crack length [7, 8] . Attention is mostly paid on the understanding of the size and shape of fracture process zone (FPZ) ahead the propagating crack tip and the boundary effects on FPZ [8] [9] [10] [11] [12] [13] . Few experimental studies were focused to analyse the energy dissipation or fracture energy during the fracture process [14, 15] .
In most experimental studies cited in above, fracture or damage is considered either as the source of energy dissipation mechanisms or as the development of displacement discontinuities. Such analysis produced results in which only one type of damage mechanism is monitored i.e. damage as source of energy dissipations or fracture on the basis of discrete crack openings. None of these experimental studies considered that damage in quasi-brittle materials like concrete is governed by two processes (1) high energy dissipation mechanisms during which crack openings may or may not be important and (2) displacement discontinuous phase where energy dissipations may or may not be important. Such analysis can only be performed if two techniques can be simultaneously applied; one characterizing the energy dissipation and the other monitoring the displacement discontinuities.
In this paper acoustic emission (AE) and digital image correlation (DIC) are applied simultaneously on bending tests of notched specimens. AE parameters like events and acoustic energy are analysed to determine energy release rate and the fracture growth due to energy dissipation mechanisms. Full-field displacement are obtained by DIC; where crack openings are measured on the surface of specimen [7, 8] . The transition from energy dissipation phase to displacement discontinuity phase is discussed. A new approach is then presented to model the local fracture process based on the transient and steady state response of a local damage parameter. The transient phase indicates the energy dissipation and the steady phase indicates the crack opening phase.
EXPERIMENTAL PROCEDURE
Two sizes of concrete beams (designated hereafter as D1 and D2) with geometrically similar dimensions (length l and depth D) and one constant dimension (width B) were tested. The cross sectional depths D were 100, and 200 mm respectively with constant width B equals to 100 mm and the span to depth ratio (l/D) equal to 3:1. The beams were notched at mid-span with a notch length (a) varying proportionally to the size of the beam (a/D was kept equal to 0.2). The design of the beam followed the RILEM recommendation [4] .
The coarse aggregate used in the concrete mixture had a maximum size of D agg equals to 10 mm. The average values of axial compressive strength, split tensile strength and the Young's Modulus at 28 days were 58 MPa, 5.76 MPa and 45 GPa respectively. The three point bending tests were performed with a controlled crack mouth opening displacement (CMOD) rate of 0.05 µm/sec. The DIC method was applied and images were continuously obtained during the whole loading branch. Displacement fields were calculated and crack opening were derived. The AE system comprised of a generalpurpose interface bus (2 × PCI-DISP4 having 4 channels each). A 3D analysis is performed for the localization of AE events using 8 piezoelectric transducers. The details of DIC and AE setup can be found in [8] .
EXPERIMENTAL RESULTS AND ANALYSIS
The average mechanical curves are presented in Figure 1 which shows the characteristic quasi-brittle response of concrete material. The behavior is typical and explains the overall load carrying capacity of the concrete beams. Different stages of the failure process of the beams cannot be assessed by this macroscopic response. 
Damage growth by acoustic emission activity
The localization map of AE sources or events detected during the loading test in concrete beams is presented in Figure 2 . Many experimental studies have shown that the scattering zone of AE high intensity sources can characterize the fracture process zone of concrete [11] . The number of AE sources detected and the measured voltage transient can be related to the microcrack volume in the material through a series of deconvolution [16] . The accuracy of AE source location in concrete is affected by several factors, including the heterogeneous nature of the material system. Even if a crack is located, the error can be large depending on the size of the tested structure and the distance of the sources to the sensors [17] . The analysis of fracture process may be more reliable on the basis of number of AE sources as compared to the location of AE sources. As loading increases, the number of AE events (E v ) increases ( Figure 3 ). The curves show no or low activity in the initial part, during which loadings are elastic. Afterwards, a smooth increase in E v can be observed due to progressive increase in the damage. In order to observe the development of damage and to relate the development of AE events with failure process, AE event rate (E v ') is plotted in Figure 4 . It is computed by measuring the increase in the event number in AE events ∆E v over a very small interval of CMOD (∆CMOD ≈ 1 µm) as shown in Figure 3 .
where ∆t is the corresponding time interval. Thus Figure 4 represents the AE event rate or simply the rate of development of new microcracks during the fracture process of concrete beams. During the initial loadings, E v ' is very low. Due to progressive microcracking in concrete, E v ' increases due to increasing rate of microcracks formation. It has been confirmed by several studies that microcracks are being formed in fracture process zone and the size of FPZ increases as the load approaches peak load [8] . It should be noted that E v ' continues to increase even after peak loading and then it starts decreasing. The decreasing segment of E v '-CMOD curve for each beam shows the same trend as shown by the post-peak segment of Force-CMOD curve for the corresponding beam.
Acoustic emission energy dissipation
The failure process of concrete involves mechanisms with various energy dissipation levels. The stress waves resulting from these energy dissipative processes are detected by the piezoelectric sensors which convert them into transient electric signals. Generally, the wave form of the signal possesses the characteristics of the dissipative source phenomenon, although the behavior is somehow corrupted and altered due to geometrical parameters and attenuation of signals. In a simplified approach, the energy of the electric signal can be quantified by integrating the square of voltage transient of each channel. Such energy dissipative mechanisms release major part of the stored potential energy. The failure criterion in concrete is generally described by the equilibrium condition between energy dissipation during fracture mechanisms and potential energy available for fracture growth. The latter is usually measured by load-displacement curves as in case of Hillerborg fracture energy [3] . The energy accumulated in the electric signal has been used extensively in the literature to study the energy release during fracture growth. The AE energy E n is plotted in Figure  5 . In the pre-peak loadings, E n is very low and it increases smoothly when the load increases. The dissipation process is progressive unlike brittle materials which fail due sudden release of potential energy. The cumulated AE energy can be related to the fracture energy [15] . Therefore one can relate AE energy release rate with fracture energy release rate or the so called specific fracture energy. Thus rate of AE Energy (E n ') is computed by measuring the increase in the AE energy (∆E n ) over a very small interval of CMOD (∆CMOD < 1 µm) as shown in Figure  5 .
where ∆t is the corresponding time interval. Three distinct stages of development of E n ' can be noticed in Figure 6 . During the first stage, the AE Energy release rate E n ' increases under the pre-peak loadings. At peak load, E n ' increases suddenly and it further increases during the initial post-peak loadings. E n ' becomes maximum at about 85% post-peak loading. The energy dissipations mechanisms thus become very active near the peak load. These mechanisms are usually centered in the fracture process zone. It should be noticed that energy release rate E n ' is not maximum at peak load, rather peak load is defined by a very sudden increase in the energy release rate. The maximum value of E n ' is achieved at about 85% peak loading. Figure 7 presents the evolution of crack openings (CODs) with the increase in CMOD. Two phases of crack opening can be noticed. Initially, the crack openings are very small, however, in the second phase a linear relationship can be noticed between COD and CMOD. It indicates that during the microcracking phase, the crack opening is very small and it is difficult to estimate its relationship between intervals of CMOD. After the nucleation of microcracks, or formation of macrocrack, the relationship between crack opening and CMOD is essentially linear. This is verified at different Y locations along the crack. The evolution of crack openings with loading intervals is presented in Figure 8 . It can be observed that during pre-peak loadings, there are no crack openings. Thus displacement discontinuities are very small and may be in the form of distributed microcracks near the notch tip. Crack opening increases almost linearly with the loadings during the pre-peak loadings. The behavior changes near the peak load and an increase in the crack openings is observed in the postpeak loadings. When a mechanical load is applied to a concrete specimen, the initial response of the material can be described by the equilibrium condition between internal forces and external solicitations. As the loading increases, the equilibrium condition is disturbed by other stress relief phenomena and the material begins to fail. Based on the experimental results presented above, the macroscopic failure process can be described by considering three stages: (1) Stage of high energy release rate. It is the first stage of failure process when local crack opening are very small and displacement discontinuities are in the form of very small distributed microcracks. The energy is released due to toughening mechanisms or stress relief processes and material fracture resistance is gradually lost. This phase can be observed e.g. in Figure 6 by increase in the acoustic emission energy rate. (2) The continuum to discontinuum stage. It is a very short phase in which the energy release rate is maximum and the material losses it fracture resistance. During this phase, the bridging or cohesive forces (e.g. due to aggregate restraint or fiber resistance in case fiber reinforced concrete) become active. The material changes from a continuum to a dis-continuum. (3) Displacement discontinuity phase. The material comes to a new local equilibrium condition which can be described by fracture mechanics laws e.g. cohesive stress-crack opening relationship. During this phase as observed in Figure 6 and 8, crack opening follows a non-linear relationship with residual stress.
Evolution of crack openings

Transient behavior during fracture of concrete
The complete local fracturing process can be modelled as a transient response and a steady state response of a damping variable. It is the natural response of the material when equilibrium condition is disturbed until the equilibrium is achieved by a new set of conditions. The response is similar to the behavior of stress wave detected in the form of acoustic emission signal from a local fracture source. However, in this case, the transient behavior and the steady state behavior describe the complete behavior of the failure process of the local material point.
The transient response of material can be observed in Figure 9 for D1 (similar behavior is observed in D2 beam). Here the local response of the material is determined by the following function. where i,j are two neighboring loading states as shown in Figure 7. = − = 1 µm. The functional ξ is plotted at different Y locations along the crack profile as a function of crack opening displacement at the same location. There is an initial transient phase and finally a smooth steady state phase. It should be noticed that ξ at the notch tip is not steady, which means the formation of cracks in not a steady state process. As found in many studies, during this phase, very fine microcracks are developed. A simple explanation of the transient behavior is that when a new microcrack is formed in FPZ, stress relaxation in the surrounding microcracks reduces their openings. This process continues and the fracture process zone size increases. Energy release rate as observed from acoustic emission data increases significantly during this phase. When the fracture process zone size reaches a certain limit and a large amount of energy has been released, the microcracks join to form macrocrack. During this shift phase, AE energy release rate is maximum and the local behavior shifts from energy dissipation process to crack opening process. This can be seen in Figure 9 by the steady state response of local crack opening rate. The above analysis of crack openings brings new insight into the fracture process of concrete. The behavior can be generalized into two processes as shown in Figure 10 . The crack closing pressure due to cohesive stress acting on the microcracks is an important feature of the fracture process in concrete. In cohesive crack model it is a decreasing function of the crack opening. From Figure 9 , 10, it can be observed that crack closing pressure varies. At some points it is lower than the applied crack opening stress; however, at the other points it is greater than crack opening stress. This can be due to two reasons: (1) the applied stress varies due to stress relaxation during new microcracks formation in the vicinity (2) the crack closing pressure varies due to aggregate restraint, friction between tortuous crack faces and crack branching or crack shielding. The two oppositely acting stresses: applied stress and crack closing stress, become equal after a certain crack opening so called critical crack opening (COD c ) and material response transits from the transient behavior to the steady-state behavior. For the two cases observed in figure 10 i.e. when crack closing pressure < applied stress and when crack closing pressure > applied stress, the behavior of crack openings is explained in Figure 11 . In the first case Figure  11 (a), crack opening increases during to higher applied stress as compared to crack closing pressure and so the parameter ξ is positive. Conversely, in Figure 11 (b), crack opening (CMOD j ) is lower than the crack opening precedent (CMOD i ) due to higher crack closing pressure as compared applied crack opening stress because of the reasons explained earlier. The experimental observations and physical interpretations of the fracture process presented in this paper thus define a new way to model the fracture in concrete (Figure 12 ). It is the based on the relationship between the resulting stress (applied stress -crack closing pressure) and the crack opening. Due the complicated fracturing process; the resulting stress shows a transient response in the beginning which explains the high energy dissipation rate mechanisms. The damping of the resulting stress indicates the rupturing process during which crack opening increases. At certain so called critical crack opening displacement, the relationship between resulting stress and crack opening transits into a steady state behavior which explains the stress free crack opening. 
CONCLUSIONS
The paper describes the transition between energy dissipation phase and dis-continuum phase during the fracture process in concrete. Three point bending tests were conducted; AE and DIC techniques were applied simultaneously to analyze the energy dissipation process and crack openings respectively. The main conclusions are:
-The AE energy release rate indicates three phases of energy dissipation. During the first and second phases, energy release rate increases. The first phase ends just before the peak load; however, the second phase, where the energy release rate reaches the maximum, ends just after the peak load. During these two phases, the rate of microcracks as detected by AE technique (i.e. only the microcracks releasing AE energy) show a similar behavior. Also during these two phases, crack openings are very small as measured by DIC technique.
-The second phase (or the shift phase) is a very short phase during which AE energy release rate becomes maximum. During this phase, the behavior changes from energy dissipation to crack openings.
-In the third (or the crack opening) phase, the energy release rate begins to decrease with a corresponding increase in crack openings.
-A new approach is presented to describe the complete behavior of the local fracture process. The local response of the 
